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Abstract

It has long been recognized that galactic cosmic rays are of such high energy that they tend to
pass through available shielding materials resulting in exposure of astronauts and equipment within
space vehicles and habitats. Any protection provided by shielding materials results not so much
from stopping such particles but by changing their physical character by interaction with shielding
material nuclei to hopefully a less dangerous species. Clearly, the fidelity of nuclear cross sections
is essential to correct specification of shield design and sensitivity to cross section error is
important in guiding experimental validation of cross section models and database.

We examine the Boltzmann transport equation which is used to calculate a radiation dose
equivalent, with units (cSv/year), associated with various depths of shielding materials. The
equivalent radiation dose is a weighted sum of contributions from protons, alpha particles, light
ions, medium ions, heavy ions and neutrons. We consider production terms arising from all
possible projectile-fragment interactions. The accuracy of the resulting dose equivalent is
dependent upon the projectile-fragment production cross-sections. We investigate the sensitivity
of the dose equivalent calculations due to an error in a production cross-section. We do this error
analysis for all possible projectile-fragment combinations (14,365) to estimate the sensitivity of the
shielding calculations to errors in the nuclear fragmentation cross-sections. Numerical
differentiation with respect to the cross sections will be evaluated in a broad class of materials
including polyethylene, aluminum and copper. We will identify the most important cross sections
for further experimental study and evaluate their impact on propagated errors in shielding
estimates.
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Introduction

Particle transport equations are derived from continuum mechanics principles, (Wilson et al 1991).
The particle flux in a shielding material is determined by balancing the change in particle flux
across a small volume element of material with gains and losses caused by nuclear collisions



within the material. The resulting equation is the well known Boltzmann equation
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where ¢,(x,Q,E) represents the flux of type j-particles with atomic mass A; at position x with

motion in the direction @ having energy E. Occurring in the equation (1) are the terms o (&)

which represents the macroscopic cross section in units of cm, Sj(E) representing the linear
energy transfer or change in energy per unit distance. The fragmentation of the projectile and
target nuclei is represented by the fragmentation cross sections o , (E,E',Q,Q') which represents

the production cross section for type j particles with energy ~ and direction €2 having a collision
with a type k particle of energy with direction Q'. Thatis, o, is a cross-section, in units of

cm-, for producing ion j from a collision by ion k. These cross sections are composed of three parts
and can be written
04 (E,E',Q.,Q)=0(E"W,(E') f;(E,E',Q,Q") 2)

where v, (E") represents the average number of type j particles produced by a collision with a

type k particle of energy . The term 1, (£,E'.Q,Q") is the probability density distribution for

producing particles of type j of energy into the direction Q from the collision of the type k
particle with energy ~ moving in the direction Q".

The propagation of galactic cosmic rays into shielding material is described by the above
Boltzmann equation. The galactic cosmic ray (GCR) transport radiation code HZETRN, (Shin et al
1992), was developed by NASA Langley Research Center around the 1980-1990 period. One of
the things that this code can do is to solve a one-dimensional form of the equation (1) and use
quality factors to calculate total radiation dose equivalent, in units of cSv/yr at various depths in a
shielding material. The results are particularly important in determining radiation exposure of
astronauts and electrical equipment on space missions. It has long been recognized that galactic
cosmic rays are of such high energy that they tend to pass through available shielding materials
resulting in exposure of astronauts and equipment within space vehicles and habitats. Any
protection provided by shielding materials results not so much from stopping such particles but by
changing their physical character by interaction with shielding material nuclei to hopefully less
dangerous species. An understanding of these processes can be discerned by conducting various
shielding simulations using the HZETRN computer code. Clearly, the fidelity of the nuclear cross
sections are essential to correct specification of shield design and sensitivity to cross section error
is important in guiding experimental validation of cross section models and the construction of
cross section databases.

In this paper we examine a one-dimensional form of the Boltzmann transport equation (1),
which is solved by way of the HZETRN code subject to the galactic cosmic rays and the 1977
solar minimum environment. The HZETRN code calculates a radiation dose equivalent, with units
of (cSvlyr), associated with various depths within a shielding material. The radiation dose
equivalent is a weighted sum of contributions from protons, alpha particles, light ions , medium
ions, heavy ions and neutrons. We consider production terms arising from 170 possible projectile-
fragment cross-sections. The isotopes considered in the interactions are listed in the table 1. The
accuracy of the resulting dose equivalent is dependent upon the projectile-fragment production



cross-sections.  We investigate the sensitivity of the dose equivalent calculations due to
production cross section errors using sensitivity analysis. ~ We do this error analysis for all
possible projectile-fragment combinations (14,365) to estimate the sensitivity of the shielding
calculations to errors in the nuclear fragmentation cross-sections. Numerical differentiation with
respect to the cross sections is evaluated for the selected shield materials of polyethylene,
aluminum and copper. We will identify the most important cross sections for further experimental
study. The purpose of the investigation is to evaluate the cross sections impact on propagated
errors in shielding estimates associated with radiation protection studies.

Error Analysis

Let H denote the equivalent total dose calculated by the HZETRN code. If an error ¢, > 0 is
introduced into the fragmentation cross sections o, used to calculate of the equivalent total

dose, then what kind of errors can be expected in the predicted radiation dose equivalent? By
employing a Taylor series expansion one can show that

H( o, +€, )-H( GU)=ZZ§TH8U. + higher order terms. (3)
i i
We neglect the higher order terms of the Taylor series expansion and consider a single error
associated with an i,j combination where i and j have fixed values. [f the first order term is large,
then the higher order terms would need to be examined. By introducing an error into a single cross
section we can obtain a numerical approximation for just one term from the right-hand side of
equation (3). By going through all i, ; combinations one obtains a numerical approximation for
each term on the right-hand side of the Taylor series. We can then use these numerical
approximations for the derivatives to formulate a Monte Carlo simulation given by

oH
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where 7, are random variates from a normal distribution In this way one can
model the effect of errors in calculating the total dose equivalent.

The figure 1 illustrates the resulting errors in the equivalent dose at various depths within an
aluminum shield due to the introduction of a single error in a specific k-projectile, j-fragment cross
section. For each given j,k value the cross section o, was replaced by 2 o, . This was done

for all 14,365 combinations of j and k.  Also illustrated in these figures is the summation of
fragment errors associated with a given projectile k. The figures 2 and 3 are similar figures for
copper and polyethylene respectively.

Results and Discussion

The highest five peaks occurring in the figures 1,2 and 3, ordered from highest to lowest,
correspond to the isotopes of 26Fe%, g016, 14Si%8, 12Mg?* and 6C'2. These elements are the five
most abundant heavier elements in the Galactic cosmic ray composition. The equivalent dose
errors for aluminum, copper and polyethylene are more pronounced along the line of lower J-
values and along the line where j = k. This is due to projectile interaction with shield material

which causes few nucleon removal followed by resultant particle movement into the material



showing up as the errors near the j =k line. Consequently, the equivalent dose errors
correspond to few nucleon removal followed by projectile fragment continuation after interaction.
Studies which incorporate errors from all sources indicate low overall errors produced in the dose
equivalent calculations. This is also indicative of the results obtain from figure 4, where all cross
sections were set equal to zero.

Similar sensitivity studies for an aluminum shield can be found by Townsend et al 1992, where in
that study the production cross-sections o, where replaced by po , , where p varied from 0.5

to 1.5 and the equivalent dose calculations where compared with the nominal values obtained
when p=1.

One might conclude that the results of this study suggest that for the 1977 solar minimum
environment and GCR environment, the dose equivalent is not very sensitive to errors in the
production cross sections. However, one can not conclude that secondary particle production is
not important in general. Note that the production cross section errors can greatly affect the
shielding requirements for a given dose limit. This is illustrated by the horizontal lines depicted in
the figure 4. Particle production from lighter nucleon removal has the largest effect on dose
equivalent from the HZETRN code. The largest change in dose equivalent is due to light, medium
and heavy ion drop off with depth into shielding material. Emphasis on the most abundant
elements in the Galactic cosmic rays and their particle interaction with the shield material is the
most important issue in determining dose equivalent predictions.

Future efforts are being directed toward developing additional physics and mathematics for
describing the propagation of particles through a shielding medium.
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HZETERN Indices for Isotope

HZETERN Indices for Isotops

HZETRN Indices for Isctops

Atomic Weight and Charge Atomic Weight and Charge Atomic Weight and Charge
I A 7 Tsctope I A Z Taotope I A Z Tsotope
I I 0 n B8 [ 24| 12 12 Mgt 115 | 41 | 18 15.ArH
2 [ 1 1 1HT 50 | 25 | 11 11 Na™ 116 | 41 | 19 10 K4
3 21 1H? 60 | 25 | 12 | 1aMg® 117 | 41 | 20 20Ca™
4 | 3 1 H? 6l | 25 | 13 1345 118 | 42 | 18 1At
E | 3 2 JHe 62 | 26 | 11 11 Ne®® 119 | 42 | 19 10 K2
6 | 4 | 2 S Het 63 | 26 | 12 10 M g® 120 | 42 | 20 20Ca™
T8 2 G He 64 | 26 | 13 1348 121 | 42 | 21 915652
g [ 6] 3 sLif 65 | 26 | 14 14570 122 [ 43 [ 19 1 KL
g 7] 3 N 66 [ 27 | 12 12 Mg*T 123 | 43 | 20 50Ca™
wl 7| 4 4Be 67 | 27 | 12 13487 124 | 43 | 21 g1 Gc
NN 2 Li® 68 | 27 | 14 145557 125 | 44 | 20 20Ca
2] 8 | 5 5 B° 60 | 28 | 12 12 Mg 126 | 44 | 21 n&e**
2] 9 3 3 Li° 7O | 28 | 13 13A8° 107 | 44 | 22 00T
4] 9 4 4B 71| 28| 14 1570 128 | 45 | 20 20Cea
5] 9 5 5 B° e 28 [ 13 13AFS 129 | 45 | 21 01507
1610 4 4Be? R 29 | 14 14577 130 | 45 | 22 L
IT| 10| 5 5 B0 4 [ 29| 15 15P 131 | 46 | 20 50Ca™
8] 10 6 gC10 s | 30 | 12 134 F0 122 | 46 | 21 015638
Wit 4 LJBel ™ [ 30 14 1454 128 | 46 | 22 an T80
20 11| § - B! 77 | 30 | 1B 15 P 124 | 46 | 23 g3 VEP
G GCTT 78 | 30 | 16 1550 135 | 47 | 21 15T
22 12 | B 5 B2 7o | 31| 14 14571 126 | 47 | 22 g L85
2w 1e| 6 GC12 g8 | 21 | 15 15 P 137 | 47 | 28 23 VT
412 7 7 N12 &l [ 31| 16 1551 138 | 48 | 21 0156
25 | 13| 5 5B1° 82 [ 32| 14 1459332 120 | 48 | 22 s Ti%
%13 6 sCH° 8 [ 32 15 15P 140 | 48 | 22 03 VT
o7 |12 7 7 IN1E g8 [ 32| 16 18572 141 [ 48 | 24 el
2% [ 14| 6 GO 8 [ 33| 14 1457°° 142 | 49 | 22 o Ti%
1|7 L1 8 | 32 | 15 15 P 143 | 49 | 23 22 VP
30 [ 14 [ 8 5014 g7 | 22 | 16 15557 1dd | 49 | 24 el
3l | 15| & GC18 8 | 33 | 17 17CTE 145 | 5O | 22 00T 3"
21| 7 7 N1® & [ 34 | 15 15 2% 146 | 50 | 23 3 VoV
33 [ 15| 8 501° o0 | 34 | 16 55 147 [ 50 | 24 0,CT50
24 [ 18] 7 - N1E gl [ a4 | It 17CI1%* 148 | 50 | 25 o5 Mn°
25 | 16| & 501° g2 [ 35| 15 15 P 146 | 51 | 22 g3 V1
%[ 17| 7 NTT g2 [ 35| 16 1655 150 | B1 | 24 el
27 | 17 | 8 2O17 gd | 35 | 17 1-C18 151 | B1 | 25 25 Mn°
R [ 17 | @ o F 1T g5 | 25| 18 15 Ar38 152 | 52 | 22 g3 V2
20 | 18 | & c01F 96 | 26 | 16 e 153 | 52 | 24 el
a0 [ 18 | 9 gOT2 o7 | 26 | 17 1,CT8 154 | B2 | 25 | o5 Mn®
41 [ 18 [ 10 wiNe? g8 [ 36 | 18 19 Ar%° IFE [ B3 | 24 el
42 [ 16 | & g O01° 90 [ 37| 16 165%7 166 | B3 | 25 | o5MA°
42 [ 19 [ 9 o 10 100 | 27 | 17 17CI7 157 | B3 | 26 o FEPe
44 [ 10 | 10 1o Vet? 101 | 87 [ 18 154787 158 | B4 | 24 el
45 | 20 | 8 5030 102 | 27 | 19 10 K57 150 | B4 | 25 o5 MR
46 [ 20 | 9 g P20 103 | 28 [ 18 1557 160 | 54 | 26 g Fe?
47 | 20 | 10 1oV el 104 | 38 | 17 1-CP8 161 | B5 | 25 | 55800
48 [ 21 | 9 g F21 105 | 38 | 18 1 Ar3E 162 | B5 | 28 25 e’
40 [ 21 [ 10 Vel 106 | 38 | 19 10 K°° 163 | 65 | 27 27C0
Bo [ 21 | 11 11 Na?! 107 [ 38 | 20 20 Ca®? 164 | B6 | 26 o et
EL [ 22 [ 10 wiNe 108 | 20 | 17 17CI1¥ 165 | 56 | 27 27C0
g2 [ 22|11 11 Na®® 109 [ 20| 18 15 Ar® 166 | 56 | 28 03 N 90
F2 | 28 | 10 1oV et? 110 | 39 [ 19 10 K°° 167 | 57 | 26 0 FEPT
B4 [ 23 [ 11 11 Na*? 111 | 39 | 20 20 Ca®® 168 | 57 | o7 27C0%7
BE | 22 | 12 10Mg 112 | 40 | 18 15470 160 | 57 | 28 0 N7
TS| [ T[] oL ]
11i¥a 204G

Table 1. Projectile-fragmentation isotopes



0

K-Projectile '

10 g/cm2 Aluminum
Equivalent Dose Error cSv/yr

030

0.15

= 0.00
146 L
o

7

w

J J-Fragment

Cumulative Equivalent Dose Error cSv/yr

3.0

2.5

20

10 g/cm’ Aluminum |

Cumulative Error
P

0.30

3.0 4

2.

20

20 g/cm* Aluminum

Equivalent Dose Error cSv/yr
—— 030

0.15

9

o " J ;Fragment

Cumulative Equivalent Dose Error cSv/yr

20 g/em? Aluminum

Cumulative Error

1.0 1.0
05 } 05
TE2EHLBIRNFTB32TEELIC TEeE2EHEYLBIRNLYFTBEBB2EELIC
K-Projectile K-Projectile
. 2 s
30 g/cm’Aluminum 40 g/cm”Aluminum
Equivalent Dose Error cSv/yr Equivalent Dose Error cSv/yr
0.30 630 020 020
0.15 0.10 0.10
0.00
0.00 200
¥
49 o 122 " " . m
5 = -
Y J-Fragment fntila o J-Fragment
K-Proiectile g K-Projectile &
Cumulative Equivalent Dose Error cSv/yr Cumulative Equivalent Dose Error cSviyr
2.5 2.00 4
180 ——— 40 /Cl'll2 Aluminum,
S 201 30 g/em? Aluminum | 5 10 &
~ L o140
w 15 ul 1.20
o o
2 Z 10
S 10 S 080
3 3
E 0.60
E 0.5 = 0.40
° | | © o N
0.0 | R R INE S TR "l"l‘” " A S I el O | Mo 'l PN 3 1
Te2REeBINESSBENB RSB TeeRFEBILYE5SB2HB LR B

K-Projectile

K-Projectile

Figure 1.

Error and cumulative error graphs for

Aluminum shield at various depths
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Figure 2.Error and cumulative error graphs for
Copper shield at various depths
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Figure 3. Error and cumulative error graphs for
polyethylene shield at various depths




Dose Equivalent Comparison for

130 Al, Cu, CH, with and without
120 Zero cross sections
—110 B
[ —
= -
=100 F
w E
L 90 —
g sop
IO -
q) 70 B Cu
8 60F Cu (Ts=0)
(] -
-lqc—; 50 E_ Al
= 40 F Al (Ts=0)
= =
= 30 - Poly
I-IJ —
20 Poly (Ts=0)
10
O - 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0] 10 20 230 40 50
x {(g/cm”)
Figure 4. Dose equivalent comparison with and without
production cross-sections equal to zero.
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